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Abstract 24 
A subduction complex of the Northwestern Alps consists of serpentinites, eclogitic metagabbros, 25 
flysch-like metasediments, meta-ophicarbonates, and gneissic slices. Unlike other subduction 26 
complexes, it contains unusual hybridized rocks described here for the first time in the 27 
Northwestern Alps. They are preserved as patches interstitial in the metagabbro and as layers 28 
within metagabbros and serpentinites. The hybridized rocks are made of high modal 29 
zoisite/clinozoisite+white mica pseudomorphs of lawsonite, garnet, and amphibole associated 30 
with an Alpine eclogite-facies fabric. While these eclogitic metagabbros are chemically 31 
comparable to oceanic oxide gabbros from the ultraslow Southwest Indian Ridge, the layers are 32 
extremely enriched in Al2O3 and CaO and depleted in TiO2, MgO, and SiO2 relative to 33 
metagabbros. Patches have a geochemical signature that is intermediate between that of layers 34 
and metagabbros. Trace element compositions of hybridized rocks suggest a contribution from a 35 
fluid derived from a mixed source made of sediments and serpentinites. Except for Ba, Rb and 36 
K, layers are comparable to the Global Subducting Sediments, indicating a sedimentary 37 
contribution, whereas the enrichment in Cr indicates a serpentinite contribution. Metasediment 38 
dehydration and chemical exchange of Ca and Sr have resulted in significant lawsonite 39 
crystallization in the subduction zone, as reflected by the ubiquitous presence of lawsonite 40 
pseudomorphs. In light of the unique textures and geochemical signature of the lawsonite 41 
pseudomorph-bearing hybridized rocks, an origin by fluid-rock interaction and Ca-metasomatism 42 
in the subduction environment is inferred and considered in the Western Alps context. 43 
 44 
1 Introduction 45 
Ophiolites represent a major component of the Mediterranean orogenic belts [e.g., Moores 46 
et al., 2000]. They have been recognized in the Alpine and Dinaride-Hellenide belts, in the 47 
Balkan peninsula, in the eastern Greece-central Turkey belts, in southern Turkey, and Cyprus. 48 
Since these ophiolites are all linked to the geodynamics of the Jurassic Tethys ocean, they have 49 
been classified as Tethyan-type ophiolites [e.g., Moores, 1982; Moores et al., 2000].  50 
Metaophiolites in the Alpine belt are highly deformed and metamorphosed with respect to 51 
other Tethyan ophiolites. They have been interpreted as the fossil oceanic lithosphere of the 52 
western Tethys, pinched between the Penninic (palaeo-Europe) and Austroalpine (palaeo-Africa) 53 
continental domains (Figure 1) [e.g., Dewey et al., 1973; Polino et al., 1990; Deville et al., 54 
1992]. In the Western Alps, metaophiolites occur in several tectonic units, such as the eclogite-55 
facies Zermatt-Saas Zone [e.g., Dal Piaz, 1965; Bearth, 1967; Dal Piaz & Ernst, 1978], the 56 
Grivola-Urtier unit [e.g., Dal Piaz et al., 2010 and references therein], the Monviso ophiolite 57 
complex [e.g., Lombardo et al., 1978; Balestro et al., 2013 and references therein], and the 58 
blueschist/greenschist-facies Combin Zone, Queyras, and Corsica ophiolite units [e.g., Vitale 59 
Brovarone et al., 2013, 2014; Lagabrielle et al., 2015 and references therein]. 60 
 The study area is located in the Vallon des Eaus Rousses, which is a tributary valley of 61 
the Urtier valley (southern Aosta Valley) located inside a fossil subduction complex between the 62 
Aosta Valley and the northern flank of the Gran Paradiso massif (Figure 1). This subduction 63 
complex formed in the Late Cretaceous-Eocene [e.g., Dal Piaz et al., 2001] and consists of 64 
continental crust tectonic slices, metaophiolites, and metasediments. It records high pressure 65 
(HP) metamorphic peaks ranging between 440-550°C, and 1.2-1.5 GPa in continental crust slices 66 
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(Austroalpine klippen) and in metaophiolite units [Dal Piaz et al., 2001 and references therein]. 67 
Ages of the high pressure metamorphic peaks in the subduction complex are comparable among 68 
different units, ranging between 49-40 Ma in the Austroalpine klippen and between 45-42 Ma in 69 
metaophiolites [Dal Piaz et al., 2001], and around 42 Ma in the Penninic Gran Paradiso units 70 
[e.g., Manzotti et al., 2018]. These eclogitic peak ages differ from those revealed by 71 
metaophiolites from the northern Aosta Valley (e.g., 65 Ma in the Valtournenche area) [Rebay et 72 
al., 2018] or in the Sesia Lanzo Zone (e.g., 79-65 Ma) [Rubatto et al., 2011], suggesting that the 73 
subducted tectonic units in this region of the Western Alps attained their maximum P-T imprint 74 
diachronously. Exhumation of the subducted metaophiolites of the Western Alps occurred in a 75 
time span ranging between ca. 42 and 36 Ma [e.g., Reddy et al., 1999; Beltrando et al., 2009; 76 
Skora et al., 2015; Gouzu et al., 2016]. 77 
 This study is focused on the following lithologies: 1) flysch-type metasediments 78 
(calcschists), meta-ophicarbonate, and chaotic metasediments associated with serpentinites  79 
enveloping eclogite-facies metagabbro bodies and boudins; 2) unique zoisite/clinozoisite+white 80 
mica-rich patches within eclogite-facies oxide metagabbros; 3) zoisite/clinozoisite+white mica-81 
rich layers in contact with metagabbros, serpentinites and metasediments. In patches and layers, 82 
the zoisite/clinozoisite+white mica aggregates have a modal composition as high as 70% vol, and 83 
are interpreted as pseudomorphs replacing former lawsonite. As these rocks do not retain any 84 
textural features attributable to a certain protolith, and are here considered as hybridized rocks, 85 
the interpretation of their nature may not be unequivocal and is here discussed. Their bulk 86 
chemical composition suggests that they are strongly depleted in silica and this feature makes 87 
them distinct from differentiated igneous rocks commonly associated to ophiolites, such as 88 
trondhjemites, ruling out the possibility that our samples be metatrondhjemites as those found in 89 
nearby areas [Novo et al., 1989]. These zoisite/clinozoisite-rich rocks associated to 90 
metaophiolites are recognized and described here for the first time in the Western Alps, and 91 
represent a key-tool for understanding the geodynamic evolution of this sector of the Western 92 
Alps. 93 
2 Geological background  94 
In the Urtier valley (Aosta Valley region, NW Italy), several tectonometamorphic units 95 
have been recognized thus far [e.g., Beltrando et al., 2008] encompassing eclogite-facies 96 
metaophiolites, blueschist-facies metasediments with ophiolite olistoliths, Mesozoic carbonatic-97 
dolomitic slices (i.e., the “Faisceau de Cogne” defined by Elter, 1972), gneissic slices of Africa-98 
related continental basement, and the northern border of the Gran Paradiso massif (Figure 1). 99 
According to Beltrando et al. [2007, 2008], the Africa-related units and metaophiolites record 100 
various Alpine deformation phases, the most recent of which is characterized by E-W trending 101 
schistosity and shear zones, these latter being correlated to the exhumation of the Gran Paradiso 102 
massif [e.g., Elter, 1971; Freeman et al., 1997; Brouwer et al., 2002; Le Bayon & Ballevre, 103 
2006]. In the same area, other investigators [e.g., Ellero & Loprieno, 2017] have recently 104 
distinguished, from the top downwards (1) the Africa-related Tour Ponton klippe [e.g., Nervo 105 
and Polino, 1976] and “Acque Rosse” (i.e., Eaus Rousses) slice consisting of albite gneisses and 106 
garnet-bearing micaschists with bodies of eclogite-facies mafic rocks including the hectometric 107 
metagabbro of the Pointe Noire; (2) the underlying blueschist-facies ophiolitic Bardoney unit 108 
(made of serpentinite and metagabbro blocks embedded in a carbonate/quartz-rich or metabasic 109 
matrix) and Broillot unit (consisting of metabasites, rare serpentinites and quartzites that pass 110 
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upwards to impure marbles and calcschists); (3) the Pene Blanche carbonatic slice, 111 
corresponding to the “Faisceau de Cogne”, including a sequence of Lower Triassic 112 
metaquartzite, dolomitic marble, Liassic marble, and Liassic calcschists and marbles.  113 
The HP metaophiolites exposed in the Urtier and nearby valleys belong to two units 114 
namely, the Zermatt-Saas and the Grivola-Urtier units [Bocchio et al., 2000; Dal Piaz et al., 115 
2010] (Figure 2a). The Zermatt-Saas unit consists of serpentinites, metagabbros, metarodingites, 116 
mafic rocks including Fe-Cu ore bodies, calcschists, marbles, and metaradiolarites with Mn-117 
mineralization [Martin & Tartarotti, 1989; Tartarotti & Caucia, 1993; Fontana et al., 2008; 118 
Martin et al., 2008; Panseri et al., 2008; Tumiati et al., 2015; Tartarotti et al., 2017a, 2017b]. 119 
The Grivola-Urtier unit consists of flysch-type and chaotic calcschists (including blocks and 120 
slices of mafic and gneissic rocks), metabasites, metagabbros, serpentinites and 121 
metaophicarbonates, enveloping metric to hectometric bodies of eclogite-facies metagabbros, 122 
metarodingites and chloriteschists. This unit is in tectonic contact with the underlying Gran 123 
Paradiso massif, and with the overlying Zermatt-Saas unit (Figure 1) [Dal Piaz et al., 2010]. The 124 
Grivola-Urtier unit is coupled with the gneissic Africa-related Eaus Rousses slice [Paganelli et 125 
al., 1995]. The Grivola-Urtier unit extends eastwards (see Figure 2a), i.e., towards the 126 
Champorcher and Soana valleys, where comparable metaophiolite units have been described 127 
[e.g., Battiston et al., 1984; Benciolini et al., 1984, 1988]. Along the border between the Soana 128 
and Champorcher valleys, at the Monte Nero peak, a thick slice of serpentinites includes 129 
eclogite-facies metagabbros that are associated with pods and layers of Jadeite-Quartz rich 130 
metatrondhjemite [Novo et al., 1989]. This latter rock constitutes an uncommon rock type, which 131 
has been rarely observed in the Western Alps metaophiolites. 132 
3 Materials and Methods 133 
 3.1 Adopted meso- and micro-scale techniques 134 
 Common techniques of field mapping and structural geology were adopted in the field in 135 
order to recognize the geometry of the subduction complex in the study area and for 136 
reconstructing its tectonic evolution. Tens of thin sections were observed under the optical 137 
polarized microscope and only a minor set of them (listed in Table S1) was selected for 138 
petrographic descriptions. Electron microprobe analyses and bulk rock chemical analyses for 139 
major, minor and trace elements were performed on selected samples and reported in Tables S2-140 
S5. The technical procedures are described and reported in the Supplementary Information files. 141 
In the following, we refer to Koepke (2016) for the implemented oceanic gabbro terminology.  142 
3.2 Sample preparation for bulk rock chemical analyses 143 
The metaophiolitic complex of the study area is characterized by pronounced lithological 144 
heterogeneities expressed at the micro- to decameter-scale. Thus, an unconventional approach 145 
was taken for preparing samples before proceeding to geochemical analyses. We carefully cut 146 
with a saw strips of the white layers, and separated the patches from the metagabbro matrix in 147 
PE-metagabbros (see below), in order to ensure a representative coverage of the observed 148 
lithologic types and rock deformation character. Fifteen samples were selected for geochemical 149 
analysis whose location is indicated in Table S1. The analytical techniques employed for bulk 150 
rock analyses and sample preparation are outlined in Text S1. The geochemical results are given 151 
in Tables S4 and S5. 152 
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4 Geology and structure of the Vallon des Eaus Rousses 153 
4.1 Field observations 154 
The Vallon des Eaus Rousses is a natural transect across different tectonic units pertaining 155 
to the eclogite-facies Grivola-Urtier metaophiolites, the Africa-related Eaus Rousses gneissic 156 
slice, and the Penninic Gran Paradiso nappe. Trending N-S, this valley crosses E-W trending 157 
kilometric-scale structures and geological boundaries (Figure 2). In particular, from north to 158 
south, we encounter, respectively (see Figure 2) (1) flysch-type calcschists, typically showing a 159 
regular layering defined by alternating metapelites and marbles; they also include 160 
quartz+garnet+chloritoid-rich micaschists, and minor mafic rocks; (2) antigorite+magnetite+ 161 
diopside+titanclinohumite-bearing serpentinites; (3) the “Eaus Rousses” continental sliver, 162 
composed of albite gneisses, garnet-bearing micaschists, and mafic layers preserving eclogite-163 
facies mineral assemblages; (4) serpentinites, enveloping the main metagabbro body of the 164 
Pointe Noire (Figure 3a); these serpentinites locally include cm- to dm layers of chloriteschists 165 
(Figure 3b), possibly derived from marginal edges of metarodingitic dikes, as well as 166 
anastomosed shear zones of serpentine or talc; (5) the Gran Paradiso nappe, exposed in the 167 
southernmost part of the Vallon des Eaus Rousses (not shown in Figure 2) consisting of augen 168 
gneisses and granitoids representing late Variscan intrusions into a pre-Alpine basement mostly 169 
made of micaschists and amphibolites. In this area, the Gran Paradiso basement is devoid of its 170 
Mesozoic metasedimentary cover. 171 
At Pointe Noire, along the right side of the Vallon des Eaus Rousses, serpentinites wrap a 172 
hectometer-scale body and meter to centimeter-scale boudins of eclogite-facies metagabbros, 173 
that are enveloped within the N-dipping main foliation (Figures 2, 3c, and 3d). Various types of 174 
metasedimentary breccias and chaotic calcschists are interleaved within serpentinites and 175 
eclogite bodies. They are characterized by a carbonate-rich matrix enveloping mafic or 176 
ultramafic clasts and blocks ranging in size from centimeter to meter (Figures 2 and 3e). 177 
Eclogite-facies metagabbros retain a coarse (cm-sized) grain size, and are either not or 178 
weakly foliated (Figures 4a and 4b). At the outcrop scale, two types of eclogite-facies 179 
metagabbros were distinguished on the base of their texture. One type is an eclogite-type 180 
metagabbro (hereafter labelled as “E-metagabbro”), exhibiting the common expected HP mineral 181 
assemblage of garnet, omphacite, rutile and glaucophane (Figure 4b; see details in the 182 
petrography section). The second type is a patchy eclogite-type metagabbro (hereafter labelled as 183 
“PE-metagabbro”) which, in addition to the common HP mineral assemblage, is characterized by 184 
the occurrence of withish, cm-sized pockets or “patches” consisting of zoisite/clinozoisite, white 185 
mica, and amphibole (Figures 4c and 5). These interstitial patches show curved and sinuous 186 
contacts with the minerals of the “fresh” metagabbro. The distribution of these patches is random 187 
within the metagabbro pods. As expected, no tectonic contact is observed between E- and PE-188 
metagabbros (see “E” and “PE” portions in Figure 4c).  189 
E-metagabbros are associated to centimeter to meter-thick and several meters-long layers 190 
of white rocks (hereafter “layers”), often covered by a rusty coating (Figures 4a, 4d, and 5; see 191 
also Figure 2). These layers are clearly transposed with the metagabbros, and their sharp contacts 192 
are parallel to the eclogitic foliation. The white layers were also found in direct contact with 193 
serpentinites or calcschists (see Figure 2). These layers consist of zoisite/clinozoisite, white 194 
mica, garnet, and amphibole. Their mineralogy is comparable to that of the white patches 195 
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described above, but are characterized by a higher percentage of garnet visible to the naked-eye 196 
(Figure 4e). Layers may also include greenish millimeter-thick levels rich in amphibole. We 197 
focused our petrographical and geochemical study on these patches and layers. 198 
4.2 Structural setting  199 
The dominant structure in the study area is represented by a pervasive S2 foliation (Figure 200 
2) marked by eclogite-facies mineral assemblages partly retrogressed under blueschist- to 201 
greenschists-facies conditions. The S2 foliation is developed at the regional scale, as documented 202 
in nearby areas [e.g., Le Bayon and Ballévre, 2006; Ellero & Loprieno, 2017]. In the 203 
metaophiolites of the Vallon des Eaus Rousses, the S2 foliation mostly trends E-W (see Figure 2a 204 
and 2c) and is clearly recognizable in serpentinites, calcschists, and in more foliated 205 
metagabbros. In these latter, S2 is defined by omphacite, garnet, rutile, and glaucophane, clearly 206 
recognizable in the field due to their coarse grain-size (Figure 4b). The S2 foliation constitutes 207 
the axial plane of isoclinal D2 folds, that fold and transpose an earlier prograde foliation (S1) only 208 
rarely preserved. At the outcrop scale, the S1 foliation corresponds to the lithological contact 209 
between the zoisite/clinozoisite-rich patches (replacing former lawsonite) and the host PE-210 
metagabbros (Figure 4c). The S1 foliation was mostly observed at the foot of the western wall of 211 
the Pointe Noire (Figures 4a, and 4d) where it coincides with the lithological contact between 212 
layers and E-metagabbros. Inside layers, the S1 foliation is marked by a mineral layering defined 213 
by mm- to cm-thick, garnet+ zoisite/ clinozoisite-rich layers alternating with 214 
omphacite+amphibole-rich layers (Figures 4f, 6a, 6b, and 6c). The S1 foliation is folded by D2 215 
isoclinal or asymmetric folds, locally intrafolial, developed at the cm- dm-scale (Figures 6a, 6b, 216 
and 6c) and producing the S2 axial planar foliation (“APS2” in Figure 6a). In serpentinites, S1 217 
coincides with the lithological contact between dm-thick chloriteschist levels and serpentinite 218 
(see Figure 3b). Further evidence of  S1 is provided by mafic metabreccias exposed in the 219 
southern Vallon des Eaus Rousses (not shown in Figure 2), where clasts still retain an internal 220 
foliation oriented at high angle to S2 (Figure 6d). Finally, within flysch-type calcschists, more 221 
widely exposed in the nearby Champorcher and Soana valleys [e.g., Battiston et al., 1984; 222 
Tartarotti et al., 2017a, 2017b, 2019], the S1 foliation corresponds to the compositional layering 223 
typically defined by alternating metapelites and marbles, and interpreted as being the relict 224 
primary bedding. 225 
All the D2 (and earlier) structures were in turn overprinted by D3 meter scale or larger 226 
folds characterized by  E-W trending axes and by axial planes gently dipping N and S (see 227 
Figures 3b, 6e, and 6f; see also Figures 2c and 2d), giving rise to interference patterns of Type 3 228 
[Ramsay & Huber, 1987]. The main result of the D3 phase overprinting is the rotation of the 229 
earlier structures, and their re-orientation towards a general E-W trend (Figure 2). Scattered 230 
poles of the S2 foliation planes shown in Figure 2c are due to such reorientation. Moreover, a few 231 
N-S trending fold axes were found and interpreted as relict (not rotated) D2 fold axes (Figure 2c). 232 
In some lithologies (e.g., in serpentinite), the D3 phase locally developed an incipient crenulation 233 
cleavage.  234 
Ductile structures were then intersected by E-W trending faults, commonly developed 235 
along the contact between tectonic units (see Figure 2). Such faults could be related to the 236 
regional scale Aosta-Colle Joux-Ranzola Fault system (see Figure 1) [e.g., Bistacchi & 237 
Massironi, 2000; Dal Piaz et al., 2010]. 238 
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5 Petrography of metagabbros and associated rocks  239 
5.1 E-metagabbros and PE-metagabbros 240 
E-metagabbros are mostly poorly deformed, so that the original gabbroic texture and the 241 
shape of igneous minerals are still recognizable. The igneous assemblage of augite, plagioclase 242 
and Fe-Ti oxides has been replaced by the HP subduction-related mineral paragenesis consisting 243 
of coarse (mm-scale) omphacite, garnet, and rutile, and defining the well preserved eclogite-244 
facies S2 foliation (Figure 7). Relict S1 foliation is documented by the occurrence of rootless 245 
isoclinal folds marked by aggregates of rutile grains (Figure 7a). In weakly foliated metagabbros 246 
omphacite (Jd29-34; Table S2) commonly shows inclusion-rich crystal cores, and inclusion-poor 247 
rims. In some samples, fine-grained ( 0,1mm) omphacite may occur by partial dynamic 248 
recrystallization (Figure 7a and Figure S1; Tables S1, S2; Text S1). Garnet [Am45-Gr37-249 
(Py+Sp)18; Table S3] shows inclusion-rich cores and limpid rims. Thin rims of blue-green 250 
amphibole grow at the omphacite-garnet contact (Figure 7a). More foliated rocks are 251 
characterized by abundant glaucophane suggesting partial rock recrystallization under blueschist-252 
facies conditions.  253 
PE-metagabbros consist of two rock portions: one portion represents the typical eclogite-254 
facies metagabbro with omphacite, garnet, and rutile; the other portion is represented by mm to 255 
cm-sized white patches consisting of zoisite/clinozoisite-white mica aggregates, and minor 256 
amphibole, albite, quartz and titanite (Table S1). The metagabbro portion is often characterized 257 
by coarse or pegmatitic grain size (up to cm-scale). The shape of igneous minerals is thus easily 258 
recognizable, for example the shape of augite, now pseudomorphed by omphacite (Figures 7b, 259 
7c, and S1). In Figure 7b an omphacite porphyroblast shows an embayment that can be 260 
interpreted as a texture inherited from igneous augite (see Discussion). In some samples (e.g., 261 
sample AR31), the eclogite peak mineral paragenesis (“Par.1a” in Table S1) is less extensively 262 
recrystallized into fine-grained omphacite, garnet, rutile/titanite (“Par.1b” in Table S1) with 263 
respect to foliated E-metagabbros, and blueschist-facies minerals, such as glaucophane (see 264 
glaucophane replacing omphacite in Figure 7b).  265 
5.2. White patches and layers  266 
White patches in PE-metagabbros are characterized by irregular shapes and curved 267 
boundaries giving rise to curved or sinuous metagabbro-patch contacts with embayments and 268 
protrusions (Figures 7b, 7c). Patches consist of zoisite and white mica (eclogite-facies 269 
assemblage), partly recrystallized into clinozoisite, Fe-epidote, white mica, minor albite, and 270 
green amphibole (greenschists-facies assemblage; Table S1). Zoisite/clinozoisite-white mica 271 
aggregates typically show a rectangular or lozenge-like shape, reminiscent of the lawsonite 272 
crystal habit; thus we interpret the zoisite/clinozoisite-white mica aggregates as being 273 
pseudomorphs of earlier lawsonite. 274 
The white layers are strictly associated with E-metagabbros, but also occur near the contact 275 
between metagabbros and serpentinites, as well as within serpentinites (see Figures 2 and 5). 276 
Layers are made up of a fine-grained, foliated rock consisting of zoisite, clinozoisite, Fe-epidote 277 
(altogether ranging between 20 and 70% vol.), white mica, garnet, minor amphibole 278 
(uncoloured/pale green), carbonate, albite, quartz, and accessory rutile, coarse-grained titanite, 279 
apatite, and zircon. Sub-rectangular or lozenge-shaped aggregates of zoisite/clinozoisite+white 280 
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mica suggest the presence of former lawsonite porphyroblasts (Figure 7d). Similar 281 
pseudomorphs of lawsonite are abundant in the calcschists near the Pointe Noire (Figure 7e), but 282 
are also ubiquitous in calcschists in the nearby valleys [Tartarotti et al., 2019]. 283 
Compared to the patches, the layers are characterized by the occurrence of millimeter scale 284 
garnet (up to 20% vol.; see Figure 4e for outcrop view), commonly including elongated 285 
microcrystals and veins of magnetite and rutile at their core (Figure S2). Garnet is chemically 286 
zoned with inclusion-rich cores rich in almandine, and rim enririched in grossular (Table S3; 287 
Figure S2). Rutile in the rock matrix is transformed into titanite which may become abundant (up 288 
to 12% vol.) in more blueschist-facies retrogressed types (e.g., sample AR27A; Table S1). 289 
Titanite may occur as idiomorphic crystals as large as 2-3 mm. We infer that these layers are 290 
characterized by an eclogite-facies mineral paragenesis (developed in the S2 foliation) consisting 291 
of zoisite+white mica (replacing former lawsonite), garnet, and rutile, then retrogressed to 292 
blueschist/greenschist facies clinozoisite, Fe-epidote, white mica, titanite, albite and tremolite 293 
(Table S1). Green amphibole in the layers is mostly concentrated within mm-thick levels that are 294 
likely due to tectonic transposition of the adjacent metagabbro (see Figure 7f). 295 
5.3. Serpentinites 296 
Serpentinites are fine-grained rocks consisting of antigorite, magnetite, diopside, and Ti-297 
clinohumite. Serpentinites from the Pointe Noire are characterized by relict mesh texture (Figure 298 
S2a) that reveals, under the microscope, the occurrence of relict fresh olivine porphyroclasts 299 
rimmed by aggregates of fine-grained olivine neoblasts (Figure S3b). This texture is interpreted 300 
as a porphyroclastic texture typical of mantle tectonized peridotites [Mercier & Nicolas, 1975].  301 
 302 
6 Bulk-rock composition of the metagabbros and associated rocks in the Vallon des Eaus 303 
Rousses  304 
Whole rock geochemical compositions of E- and PE-metagabbros, and of the associated 305 
white layers and patches from the Vallon des Eaus Rousses are presented in Tables S4 and S5. 306 
Detailed analytical techniques are reported in Text S1. Major, minor and trace element values are 307 
reported in Figures 8-10, where our samples are compared with published data from analogue 308 
rocks from both ophiolites and modern oceanic crust. In order to make such a comparison more 309 
congruent, we present the geochemical results by lithologies. 310 
The E-metagabbro sample set includes, in addition to our samples, the eclogite-facies 311 
metagabbros (Fe-Ti oxides > 2 vol%) sampled in the same area and published by Bocchio et al.  312 
(2000) (see also Figure 5 for sample location). The Bocchio et al.  (2000)’s samples include 313 
either unretrogressed eclogite-facies metagabbro (e.g., sample U27) or retrogressed rocks under 314 
blueschist facies (e.g., samples U28, U74 and U76; Table S1). PE-metagabbros, patches and 315 
layers represent a new sample set from the Pointe Noire (see also Table S1). 316 
 317 
6.1 E- and PE-metagabbros  318 
Major element compositions of E- and PE-metagabbros are illustrated in the element-319 
Al2O3 variation diagrams (Figure 8). All samples are compared with both oceanic oxide gabbros 320 
[Coogan et al., 2001; Casey et al., 2007; Holm et al., 2002; Niu et al., 2002; Miller et al., 2002], 321 
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leucogabbros [Casey et al., 2007; Miller et al., 2002], and felsic veins [Niu et al., 2002] all 322 
drilled at Ocean Drilling Program (ODP) Hole 735B, along the Southwest Indian Ridge (SWIR).  323 
In an L.O.I. vs. Al2O3 diagram (Figure 8a), the E- and PE-metagabbros plot at the upper 324 
edge of the field defined by the oxide gabbros from the SWIR. In the CaO vs. Al2O3 diagram 325 
(Figure 8b), our metagabbro samples plot at the upper edge of the diagram and partly overlap the 326 
fields defined by (dioritic) felsic veins, leucogabbros, and oxide gabbros from the SWIR. The 327 
SiO2 and TiO2 contents of the Pointe Noire metagabbros fall in the fields of leucogabbros and 328 
oxide gabbros from the SWIR (Figures 8c and 8d).  329 
In Figure 9, the mean trace element composition of E-metagabbros is comparable to that 330 
of the oxide gabbros from the SWIR. However, our samples are differing for having a prominent 331 
positive peak at Ba, less marked at Nb, a negative slope from Nb to P, and low Rb. As expected, 332 
E-metagabbros share similarities with the mean altered SWIR oceanic gabbros [Hart et al., 333 
1999], except for an enrichment in Ba, and to a much slighter extent in Nb and depletion in 334 
LREE displayed by our samples. The mean trace element composition of PE-metagabbros (see 335 
“Avg. PE-metagabbro” field in Figure 9) strongly differs from that of the SWIR oxide gabbros in 336 
having prominent peaks in Ba, Nb, K, Sr, and minor peaks in Zr and Ti. Such element 337 
enrichment is not displayed even by the SWIR altered gabbros (Figure 9).  338 
Geochemical results thus show that the E- and PE- metagabbros are comparable, in terms 339 
of major element chemistry, to oxide gabbros from the present-day SWIR ultra-slow spreading 340 
ridge. In terms of trace elements, both E- and PE-metagabbros are also comparable to the SWIR 341 
gabbros, except for their enrichment and stronger fractionation in Ba and Nb relative to other less 342 
incompatible elements. 343 
 344 
6.2 Patches and layers 345 
The major element compositions of patches and layers are characterized by a strong 346 
depletion in SiO2 (< 45 wt. %), and extreme enrichment in Al2O3 and CaO with respect to E- and 347 
PE-metagabbros, as well as to the oxide gabbros, leucogabbros, and felsic veins from the SWIR 348 
(see Table S4 and Figure 8). The SiO2 depletion distinguishes patches and layers from 349 
differentiated igneous rocks commonly associated to ophiolites, such as trondjhemites, ruling out 350 
the possibility that our rocks be metatrondhjemites as those found in nearby areas [Novo et al., 351 
1989]. The white layers and patches exhibit overall higher values of L.O.I. (>1,64 wt.%) than 352 
those of the host PE- and E-metagabbros.  353 
When compared with other Ca-rich rocks such as epidosites and rodingites from Tonga 354 
fore-arc and Troodos and Josephine ophiolites [Richardson et al., 1987; Harper et al., 1988; 355 
Banerjee et al., 2000],  patches and layers are characterized by comparable CaO but higher 356 
Al2O3 contents (Figure 8). However, patches and layers strongly differ from epidosites and 357 
rodingites for their higher LREE contents, and for their higher Sr content with respect to 358 
rodingites (Figure 9) [Evans et al., 1979, 1981]. The average pattern of patches shows a roughly 359 
higher fractionation and irregular enrichment in highly relative to moderately incompatible 360 
elements with positive peaks in Ba, K, and Sr, as observed for PE-metagabbros.The average 361 
trace element pattern of layers is fairly different from that of a typical oxide gabbro for showing 362 
high fractionation in highly incompatible elements relative to moderate ones, with the exception 363 
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of Rb and K (Figure 9). Their spectrum also strongly differs from the mean composition of the 364 
SWIR leucogabbros.  365 
As lawsonite pseudomorphs are found in large amounts in the study area, their chemical 366 
composition is compared with those of rocks from other localities in the world, preserving either 367 
fresh lawsonite or its pseudomorph. Such rocks include: a) lawsonitites (up to 75 vol. % 368 
lawsonite) and lawsonite-bearing blueschists (BLS) from Alpine Corsica (France) [Vitale 369 
Brovarone & Beyssac, 2014; Vitale Brovarone et al., 2014]; b) BLS Franciscan complex (Coast 370 
Range, Pacheco Pass in the Diablo Range, and Western Baja Terrane) [Sadofsky & Bebout, 371 
2003]; c) BLS from the Catalina mélange [Bebout et al., 1999]; d) lawsonite pseudomorph-372 
bearing BLS from the Groix island [El Khor et al., 2009]. Patches and layers exhibit lower 373 
values of L.O.I. than those of lawsonitites and lawsonite-bearing BLS (Figure 8a). A peculiar 374 
feature of patches and layers is their consistently higher Al2O3 contents relative to most other 375 
lawsonite- or lawsonite pseudomorph-bearing BLS. In addition, patches and layers include some 376 
of the highest CaO wt. % values yet found among lawsonite-bearing or lawsonite pseudomorph-377 
bearing BLS (Figure 8b). Only the lawsonitites from the Alpine Corsica yield such a CaO 378 
enrichment (Figure 8b; Table S4). SiO2 as well as MgO and Na2O (see Table S4) are 379 
systematically depleted in patches and layers relative to the lawsonite-bearing or lawsonite 380 
pseudomorph-bearing BLS (Figure 8c). These latter, together with the Corsica lawsonitites, 381 
define a broad positive correlation in the diagram of TiO2 vs Al2O3 plot (Figure 8d).  382 
 In order to compare patches and layers with other Ca-Al-rich rocks, such as sediments,  383 
their average composition was normalized to that of the Global Subducting Sediment (GLOSS), 384 
representing the mean composition of subducted sediments [Plank & Langmuir, 1998]. GLOSS-385 
normalized average spider diagram (Figure 10a) shows that the white layers, aside from some 386 
LILE (i.e., Rb, Ba, K and Sr), retain trace element concentrations basically indistinguishable 387 
from those of the GLOSS. White layers exhibit a mean spider diagram nearly identical to that of 388 
the Corsican lawsonitites (apart for their less extended depletion in Rb and Ba; Figure 10a) and 389 
to the Franciscan ones which exhibit a fairly significant depletion in Sr, but not marked negative 390 
anomalies in Rb, Ba and K. The mean spider diagram of patches strongly differs from that of the 391 
white layers because of an irregular pattern and a stronger depletion in highly incompatible 392 
elements relative to moderately incompatible elements. With respect to white layers, patches are 393 
enriched in Rb, Ba, K, Sr, P and Ti and depleted in Th and Zr. With respect to the GLOSS, 394 
patches are strongly depleted in Th, moderately depleted in Zr and enriched in Sr and P, Ti and 395 
Eu.  396 
A comparison of the mean average spider diagrams of layers and Corsican lawsonitites 397 
with that of the radiolarites and radiolarian claystones from the Jurassic sedimentary section of 398 
ODP Hole 801B in the Pacific [Vervoot et al., 2011] reveals that their fractionation patterns are 399 
extremely similar except for Rb, Ba and P (Figure 10b). In addition, the average radiolarite 400 
spider diagram is overall shifted toward lower contents of trace elements relative to both white 401 
layers and Corsican lawsonitites (Figure 10b). 402 
7 Discussion 403 
7.1 Structural and microstructural constraints 404 
The structural evolution of the Vallon des Eaus Rousses is dominated by three main Alpine 405 
ductile deformation phases and related structures. The first phase (D1) produced the S1 foliation 406 
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still preserved in patches and layers, in serpentinites, and in calcschists. This foliation 407 
corresponds to a mineral layering inside the layers, and to a lithological layering in serpentinites 408 
(e.g., alternating serpentinite-chloriteschists) and calcschists, where it is coincident with the 409 
original bedding. Within patches, the S1 foliation corresponds to the contact between the patch 410 
and the host PE-metagabbro. Thus, this contact predates the development of the pseudomorphs 411 
of lawsonite, now consisting of zoisite/clinozoisite+white mica that coexist with the eclogite-412 
facies PE-metagabbro. From a structural point of view, the layers are more transposed with 413 
respect to patches, being more intensely deformed during the D2 phase producing isoclinal 414 
folding of the S1 foliation (see Figure 6). 415 
Pseudomorphs of lawsonite are a peculiar feature of the study area, being widespread not 416 
only in patches and layers, but also in calcschists where they are associated with garnet and 417 
rutile. Although fresh lawsonite has never been documented in the study area, lawsonite 418 
pseudomorphs are widely recorded in nearby areas, as in the St. Marcel valley [e.g., Martin and 419 
Tartarotti, 1989].  420 
The eclogite-facies mineral assemblages crystallized in metagabbros (omphacite-garnet-421 
rutile) and in layers (zoisite-garnet-rutile) define the S2 foliation, that developed as axial planar 422 
foliation of D2 structures, mainly isoclinal folds. Accordingly, we infer that the D1 phase was 423 
prograde and developed during the Alpine subduction until the HP metamorphic peak. The 424 
second phase D2 started at the metamorphic HP peak producing the S2 foliation, and then 425 
developed during exhumation under blueschist- to greenschist facies conditions. Thus the S2 426 
foliation is to be considered a long-lasting structure in the study area, since no subsequent 427 
foliation is developed, and survived during exhumation. The third phase (D3) is then responsible  428 
for the kilometer scale folding and local shearing, subsequently intersected by late brittle 429 
structures.  430 
The effect of the D3 phase is a general re-orientation of earlier fabrics towards E-W 431 
trending structures. Since a few N-S trending fold axes attributable to D2 folds were found in the 432 
southern part of the study area (i.e., close to the Gran Paradiso massif), a regional scale re-433 
orientation of D2 structures from a N-S trend in the south, towards a E-W trend to the north, can 434 
be envisaged. E-W trending structures have been widely recognized also in nearby areas [e.g., Le 435 
Bayon and Ballevre, 2006; Beltrando et al., 2008; Ellero and Loprieno, 2017]. To the north, in 436 
the Mt. Emilus-St. Marcel area (see Figure 1 for its location), a similar re-orientation of the 437 
Alpine structures can be observed in the metaophiolites and in the Austroalpine Mt. Emilius 438 
klippe [e.g., Martin and Tartarotti, 1989; Pennacchioni, 1996], where the eclogite-facies 439 
foliation is trending N-S in the northern sectors, near the main Aosta valley, and rotates to a W-E 440 
trending in the southern sectors, near the Cogne-Urtier valleys.  441 
In spite of this complex Alpine tectonic evolution, relict primary (i.e., pre-Alpine) features 442 
are still recognizable in the Vallon des Eaus Rousses subduction complex, namely in the poorly 443 
foliated metagabbros of the Pointe Noire. The best preserved structures shown by these 444 
metagabbros include the shape of igneous minerals, now replaced by eclogite-facies 445 
pseudomorphs, and the contacts between patches and host metagabbros. These metagabbros are 446 
enveloped by serpentinites, then the metagabbro-serpentinite pairs should have suffered a 447 
deformation partitioning [e.g., Bell, 1985] since the inception of the Alpine subduction, giving 448 
rise to low strain metagabbros wrapped by sheared serpentinites. A similar deformation 449 
partitioning effect can be envisaged in nearby areas such as the St. Marcel valley, where garnet-450 
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bearing glaucophanites envelope well preserved omphacite-garnet-rich boudins, [e.g., Martin 451 
and Tartarotti, 1989; Martin et al., 2008], and in the Gran Paradiso area [e.g., Manzotti et al., 452 
2015].  453 
 454 
7.2 Metasomatism in patches and layers 455 
 456 
 The white patches contain large amounts of zoisite/clinozoisite+white mica 457 
pseudomorphs of lawsonite. The enrichment in Ca, Al, K, P, Rb, Sr, LREE, Th and volatiles 458 
coupled with depletion in Nb, Zr and Ti in patches relative to PE- metagabbros clearly indicates 459 
a preferential mobilization of the former elements during lawsonite crystallization [e.g., Tribuzio 460 
et al., 1996; Vitale Brovarone et al., 2014] although the mobilization of Al, Ca, Sr, Pb, and 461 
LREE and MREE may be also controlled by subsequent zoisite/clinozoisite crystallization [e.g., 462 
Martin et al., 2014 and references therein]. Rb, Ba and K are incorporated by white mica 463 
crystallization. After their formation, the geochemical signature of these patches was probably 464 
successively affected by other mineral transformations involving the breakdown of zoisite into 465 
clinozoisite. Their overall chemical similarities and the absence of metasomatic halos 466 
surrounding the patches imply that they probably crystallized from a metamorphic fluid phase 467 
that was locally in equilibrium with the host PE-type metagabbro. An inferred internal fluid 468 
control is supported by near mirrored enrichments in highly to moderately incompatible elements 469 
(Ba, K, Sr) and LREE in patches and corresponding host rocks. An external fluid control would 470 
be expected to show no dependence on the composition of the host rock. 471 
As indicated by microstructural evidences, the formation of patches precedes the main 472 
eclogite-facies deformation stage D2 recorded by the host rock under prograde to peak 473 
metamorphic conditions. The curved shape of the patch/metagabbro contact suggests that a rock-474 
fluid interaction may have affected such rock assemblages. Prograde lawsonite crystallization is 475 
an unambiguous marker of relatively low temperatures (< ~375°C) in very-cold subduction 476 
regimes [e.g., Zack et al., 2004; Vitale Brovarone et al., 2011]. Within the downgoing slab, 477 
fluids must have hence been transported to depth with their subducting hosts rather than 478 
migrating pervasively toward the hanging wall. Indeed, the stability of lawsonite may be 479 
enhanced by CO2 addition reaching temperatures as high as 730°C with P = 4.2 GPa, as 480 
suggested by experimental results [e.g., Poli et al., 2009]. Lawsonite in our rocks would have 481 
been stable to P-T conditions as high as  < 3 GPa and < 700°C, as suggested by experimental 482 
results [e.g., Poli et al., 2009; see also Martin et al., 2014 and references therein]. Accordingly, 483 
fluid-rock interactions may have been persistent to such P-T conditions. 484 
Pseudomorphic replacement of lawsonite (as a major carrier of water bearing ~11-12 wt. 485 
% H2O) [Martin et al., 2014] by later zoisite/clinozoisite (which is a relatively dry mineral 486 
bearing ~2 wt. % H2O) [Enami et al., 2004] confirms that the PE-metagabbros have also 487 
experienced a strong event of dehydration due to the breakdown of hydroxyl bearing minerals 488 
(e.g. glaucophane; lawsonite) occurring at some stage of the prograde-to-peak metamorphic 489 
evolution or during isothermal decompression. 490 
Fluid-rock interactions with metasomatism characterized the prograde path to the HP 491 
metamorphic peak dominated by the crystallization of lawsonite and subsequent zoisite. 492 
However, fluid-rock interactions may have occurred also during the decompression path as 493 
suggested by Miller et al. [2002]. 494 
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In the layers, the marked increase in CaO and Sr coupled with strong decreases in SiO2, 495 
Rb, Ba, and K probably derived from carbonate-rich lithology consumption. Addition of CaO 496 
and removal of SiO2 are also common during rodingitization and serpentinization at mid-ocean 497 
ridge or forearc settings [e.g. Barnes & O’Neil, 1969; Seyfried & Dibble, 1980; Janecky & 498 
Seyfried, 1986; Seyfried et al., 2007; Klein et al., 2009; Honnorez & Kirst, 1975; Iyer et al., 499 
2008]. According to this interpretation, the eclogitic Ca-enriched Fe-Ti metagabbros from the 500 
Soana valley have been interpreted as products of metasomatism during the oceanic processes 501 
[e.g., Benciolini et al., 1984; see “Type B” metagabbros in Bocchio et al., 2000]. At present, this 502 
interpretation of the Soana valley eclogites is revised in the light of the Pointe Noire metagabbro 503 
microstructure and bulk chemical composition, and confirms the contribution of fluid-rock 504 
interactions with metasomatism during the prograde HP metamorphism. The occurrence within 505 
layers, of pseudomorphs of lawsonite and of chemically zoned garnet with Ca-rich rims also 506 
supports this metasomatism. Metarodingites were observed at the contact between metagabbros 507 
and serpentinites (see Figure 2) thus, we cannot exclude that Ca and Al transfers are mostly 508 
sourced by the destabilization of rodingite via fluid-rock interaction during downgoing transport. 509 
However, the dissolution of rodingite cannot certainly yield the high levels of enrichment in Th 510 
and LREE observed in white layers, as rodingites are intrinsically strongly depleted in these 511 
elements (see Figure 10b) [e.g., Evans, 1981].  512 
 Another unexpected geochemical feature of the layers is that most chemical elements 513 
traditionally considered as low-solubility elements (Al, Zr, Nb, Ti, and Cr; see Table S1) are 514 
mobilized showing either increase or depletion relative to the adjacent metagabbros. As such, 515 
they do not demonstrate a conservative behavior, due to a possible enhanced solubility of these 516 
elements, mostly Al2O3 and HFSE (e.g., Zr) by formation of complex aluminosilicate-based 517 
polymers in HP fluids [Antignano & Manning, 2008; Spandler & Pirard, 2013]. Titanite 518 
crystallization may account for higher Cr and Nb contents [e.g., Prowatke & Klemme, 2005; El 519 
Khor et al., 2009];  epidote crystallization may contribute to the Cr uptake [Brunsmann et al., 520 
2000]. The enrichment in Cr in the white layers (see sample AR15 in Table S4) clearly points out 521 
a contribution from a fluid derived from a serpentinite source [e.g., Spandler et al., 2011]. The 522 
dissemination of zircon in layers accounts for the enrichment in Zr within in layers (see Table 523 
S1).   524 
As serpentinites have on average extremely low Sr content (~ 6 ppm), we infer that 525 
serpentinite-derived fluids could not constitute a major source of Sr. The same for the Al2O3 526 
enrichment, for which a composite origin from clays, rodingite and epidosite sources seems to be 527 
more reasonable.  528 
The chemical resemblance in terms of trace elements between our layers, metasomatic 529 
lawsonitites and GLOSS [Plank & Langmuir, 1998] strongly supports the hypothesis that the 530 
white layers formed at the expense of original metagabbros with a significant contribution from 531 
sedimentary rocks. The distribution of most trace elements in the layers is controlled by the 532 
release of HP fluids derived from nearby metasedimentary rocks. This is also further confirmed 533 
by the negative Ce anomaly found in one sample (AR12A; see Table S5), a feature inherited 534 
from seawater interaction commonly found in slow accumulating sediments such as clays [Plank 535 
& Langmuir, 1998]. The average spider diagram of layers is almost parallel to that of radiolarite 536 
and radiolarian clay deposits of the Mariana trench, but the latter is characterized by lower trace 537 
element contents and no Rb, Ba and K depletion.  538 
7.3 Metasomatism and fluid circulation in the subduction zone  539 
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Our structural and geochemical results confirm that patches and layers were lawsonite-540 
bearing rocks. A significant amount of water was thus required for the formation of massive 541 
lawsonite crystallization during the prograde metamorphism along the S1 foliation. Water or 542 
aqueous fluids likely derived from rocks incoming the subduction zone. The most important 543 
carriers of water were: GLOSS (~ 7 wt% water) [Plank & Langmuir, 1998], dehydrating at 544 
shallower levels (~ 50 km); altered oceanic crust (~ 2.7 wt% water) [Rüpke et al., 2004 and 545 
references therein] dehydrating between ~100 and 200 km, and serpentinites (~ 12 wt% water) 546 
[Schmidt & Poli, 1998] between 120-200 km [Rüpke et al., 2004]. The GLOSS-normalized 547 
spider diagrams indicate that the layers retain trace element concentrations indistinguishable 548 
from those of GLOSS, confirming a significant GLOSS contribution.  549 
Based on natural and experimental evidence, serpentinite dehydration occurs at variable 550 
high pressure and temperature conditions, depending on the subducting slab age and geothermal 551 
setting (overall, between 500°- 720°C and 2 - 6 GPa) [e.g., Evans, 1976; Schmidt & Poli, 1998; 552 
Rüpke et al., 2004 and references therein]. The geochemical signature of patches and layers 553 
confirms the important contribution of serpentinite as a source for the fluids. We therefore 554 
postulate that the fluids reacting with metagabbros had a mixed composition being derived from 555 
both serpentinites and metasediments.  556 
Dehydration process at the expense of lawsonite at the HP metamorphic peak or during 557 
the early stages of exhumation, during zoisite crystallization, induced poor or insignificant 558 
chemical transfer between patches and the host metagabbro, as suggested by the conservation of 559 
Ca, Al, Sr, LREE within zoisite, and Rb, Ba, K in white mica, both replacing lawsonite. In other 560 
words, the release of fluids has not leached a significant amount of trace elements, which 561 
remained trapped in the new zoisite-bearing overprinting mineral assemblage.  562 
Lawsonite-bearing rocks, such as the Corsica lawsonitites have been interpreted as 563 
products of prograde metasomatism at the expense of both continental rocks and metasediments 564 
[Martin et al., 2014; Vitale Brovarone et al., 2011, 2014]. Other occurrences of lawsonite 565 
metasomatites have been reported in Guatemala, within a serpentinite mélange [Tsujimori & 566 
Ernst, 2014] and in Turkey, within HP terranes at the contact between serpentinites and 567 
metabasalts [Zack, 2013]. 568 
 569 
7.4 Geodynamic implications 570 
The rock assemblage observed in the Vallon des Eaus Rousses subduction complex is 571 
reminiscent of a oceanic lithosphere accreted at a slow spreading ridge, where lithological 572 
contrasts are much greater than in a typical fast spreading, “layer-cake” mafic crust [Dilek et al., 573 
1998 and reference therein]. The studied metaophiolites could be ascribed to a magma-poor 574 
setting, as a slow-spreading ridge or ridge-transform intersection, where sub-oceanic mantle 575 
peridotites with gabbros are exhumed to the surface and exposed on the seafloor during seafloor 576 
spreading, and then covered by ophicarbonate breccias (Figure 11a). Inside the subduction 577 
complex, no evidence of metaradiolarite was recorded in the studied area. Oceanic sediments 578 
were represented only by ophicarbonates, whereas flysch- and mélange-type sediments 579 
accumulated in the forearc and/or in the trench at the junction of the convergent European and 580 
African plates [e.g., Cloos, 1984; Festa et al., 2012, 2019].  581 
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All lithologies of the Vallon des Eaus Rousses are characterized by a common, pervasive 582 
eclogite-facies fabric identified as the (S2) regional foliation. Boudinage of metagabbro pods 583 
englobed by serpentinites was coeval with the development of this fabric.This evidence suggests 584 
that the ophiolitic rocks of the Vallon des Eaus Rousses, together with metasediments and 585 
continental gneissic slivers were coupled at least since the beginning of the subduction process, 586 
giving rise to a subduction complex or tectonic mélange (Figure 11b). During exhumation, the 587 
HP fabrics were overprinted by open folds and large-scale structures, then cut by late-stage faults 588 
giving rise to the present setting characterized by tectonic mixing. 589 
Mixing of carbonate-rich, ultramafic, and mafic rocks within the subduction zone 590 
promoted fluids/rock interactions during hydration (i.e., lawsonite formation in patches and 591 
layers) and dehydration (zoisite formation) processes (Figure 11b and 11c). Structural and 592 
geochemical results clearly highlight the prograde fluid/rock interactions formed in a cold 593 
subduction zone. Along the subduction zone slab-mantle interface, fluid flows affecting the 594 
ultramafic, mafic and sedimentary protoliths acted as agents of mass transfer to balance chemical 595 
gradients between these formations, and in our case resulted in a new bulk mixed composition.  596 
Fluid imprint variation exists at a wide range of scales, from millimeter-scale in patches, 597 
to decameter-scale in layers. Patch formation in the PE-metagabbros might result from small-598 
scale fluid focusing in local pockets at high pressure. At a greater scale, the composition of 599 
layers mainly depends on fluids buffering the chemical contrast between different pre-existing 600 
lithologies along their boundaries. The geochemical signature of patches and layers is dominated 601 
by a significant contribution of CaO and Al2O3 from metasediments. This process favoured the 602 
crystallization of huge amounts of lawsonite during the prograde to the eclogite-peak conditions 603 
(Figure 11c) when zoisite crystallized. Initial decompression stage is marked by 604 
(zoisite)/clinozoisite+white mica pseudomorphs replacing lawsonite in patches and layers, and 605 
glaucophane in metagabbros. 606 
Serpentinites together with metasediments played a crucial role for supplying aqueous 607 
fluids involved in hydration reactions carrying fluid-mobile elements in the subduction system 608 
[e.g., Lafay et al., 2013; Scambelluri et al., 2016]. Consequently, the strict coupling of 609 
serpentinites and carbonaceous (meta)sediments (namely, ophicarbonate, calcschists) in the 610 
subduction environment is a powerful requirement for such geochemical transfers. This unique 611 
condition is favoured by oceanic settings dominated by serpentinites in direct contact with Ca-612 
rich sediments, as in slow and ultraslow spreading ridge systems.  613 
 614 
8 Conclusions 615 
 This article describes the structure, tectonic setting, and geochemical features of a 616 
peculiar subduction complex from the Western Alps metaophiolites that includes flysch-617 
type metasediments and meta-ophicarbonate, serpentinite slivers enveloping eclogite-618 
facies metagabbro bodies, and gneissic slices.  619 
 Eclogite-facies metagabbros includes hybridized rocks described here for the first time in 620 
the Western Alps, occurring as either meter- to hectometer-scale layers or mm- to cm-621 
scale patches interstitial in the metagabbro matrix.  622 
Confidential manuscript submitted to TECTONICS 
 
 Patches and layers are respectively pre‐ to syn‐tectonic with respect to the development 623 
of the HP deformation event (D2) which developed the regional-scale S2 foliation. 624 
Patches and layers do not exhibit relict primary textures clearly attributable to igneous or 625 
sedimentary protoliths nevertheless, they are characterized by the persistent occurrence of 626 
rectangular aggregates of zoisite/ clinozoisite +white mica replacing lawsonite. Patches 627 
exhibit unique textural characteristics: their irregular shape and curved contacts with the 628 
host PE-metagabbro recall resorption textures and are interpreted as the effect of 629 
interaction between metagabbro and fluids within the subduction zone. The layers 630 
correspond to transposed PE-metagabbros deformed during the D2 phase. 631 
 The eclogite-facies metagabbros are chemically comparable to oceanic oxide gabbros, 632 
leucogabbros, and dioritic felsic veins from the present-day ultra-slow South West Indian 633 
Ridge (SWIR) sampled at hole 735B. 634 
 Patches and layers are strongly depleted in SiO2 and enriched in CaO and Al2O3, which 635 
make them distinct from typical oxide gabbros and also from trondhjemites, which 636 
typically represent the most evolved intrusive rocks in the oceanic crustal suite. They 637 
show a strong chemical similarity with orogenic HP rocks preserving fresh lawsonite 638 
from various parts of the worlds, and particularly with lawsonitites from the Alpine 639 
Corsica.  640 
 Patches and layers are interpreted as deriving from Ca-(lawsonite)-metasomatism 641 
triggered in the subduction environment by rock-fluid interactions. We thus infer that 642 
sediments incoming the subduction zone have played a fundamental role in the formation 643 
of such hybridized rocks.  644 
 Hydration and dehydration processes and Ca-(lawsonite) metasomatism in the Alpine 645 
subduction environment were facilitated by the restricted coupling of serpentinites and 646 
sediments, which should reflect the main composition of the Tethyan lithosphere.  Water 647 
or aqueous fluids likely derived from rocks incoming the subduction zone. The most 648 
important carriers of water were sediments (both oceanic and forearc or trench 649 
sediments), altered oceanic crust, and serpentinites.  650 
 The subduction-related Ca-metasomatism linked to the strict association of serpentinite 651 
and Ca-rich sediments, represents a key contribution to the bulk geochemical cycle in 652 
subduction zones and mantle wedge. 653 
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Figure Captions 996 
 997 
Figure 1. Regional geology of the study area (modified after Tartarotti et al., 2017a). a) 998 
Geographic location of the study area within the Italian peninsula. b) Tectonic map with legend 999 
of the northwestern Alps and location of the studied area (black box). EM: Austroalpine Mt. 1000 
Emilius klippe (see text). 1001 
 1002 
Figure 2. Geological map and structural data of the Vallon des Eaus Rousses. a) Tectonic sketch 1003 
map showing the main tectonic units, and location of the study area (redrawn after Dal Piaz et 1004 
al., 2010). The dashed red line shows the inferred boundary and eastwards extension of the 1005 
Grivola-Urtier (G-U) unit. b) Simplified geological map of the Vallon des Eaus Rousses. In the 1006 
legend, the dark and light colors, for each lithology respectively, indicate the exposed and 1007 
inferred outcrops. Star refers to the main sampling area (see the enlargement in Figure 5). c) 1008 
Stereographic projections (Schmidt net, lower hemisphere) of S2 foliation and b2 fold axes in the 1009 
metaophiolite unit. d) Stereographic projection of S2 foliation and b3 fold axes. e) Geologic cross 1010 
section (as defined in Figure b). Question mark refers to the uncertain contact between white 1011 
layers and serpentinites. 1012 
 1013 
Figure 3. General view of the main lithologies encountered in the Eaus Rousses valley. a) 1014 
Panoramic view (looking to the west) of the eastern side of the Eaus Rousses valley and location 1015 
of the Pointe Noire peak. Serpentinites (serp), eclogite-facies oxide metagabbros (Ecl) of the 1016 
metaophiolite unit, and the Africa-related Eaus Rousses unit (ER) are indicated. The Penninic 1017 
Gran Paradiso massif is visible in the background. The Grivola peak (on the right) pertains to the 1018 
metaophiolite domain. Dashed red line: main fault zones. b) Outcrop (polished by glacier) of 1019 
serpentinites (Serp) with layers of chloriteschists (Chl) folded by D3 folds with axial planes 1020 
(AP3) gently dipping to the north. Trace of folded S2 foliation is indicated. c) Panoramic view of 1021 
the north dipping hectometer-scale body of eclogite-facies metagabbros (E) wrapped by 1022 
serpentinites (Serp). d) Meter-scale boudin of eclogite-facies metagabbro enveloped by 1023 
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serpentinite. e) Metasedimentary breccias or mélange (Mé) characterized by carbonate-rich 1024 
matrix and mafic and ultramafic clasts and blocks (arrow) ranging in size from centimeter to 1025 
meter. Trace of S2 foliation strike is indicated. 1026 
 1027 
Figure 4. Eclogite-facies metagabbros at the Pointe Noire and associated rocks. a) General view 1028 
of the Pointe Noire western wall: the pyramidal Pointe Noire peak is constituted by eclogite-1029 
facies metagabbros as shown in Figures 4b and 4c. Location of the white layer shown in Figure 1030 
4d is indicated. b) View of E-metagabbro (weakly foliated type) consisting of garnet (Grt), Na-1031 
clinopyroxene (Cpx), and Na- amphibole (Gln). Photo taken on a debris block. c) Photo (from a 1032 
debris block) of E-metagabbro (E) in contact with “patchy” PE- metagabbro (PE). White 1033 
portions correspond to patches (see text). d) View of the white layer at the bottom of the Pointe 1034 
Noire western wall. e) Close-up view of a white layer. Note the widespread occurrence of garnet 1035 
(brownish dots) on a white background consisting of zoisite/clinozoisite +white mica. f) 1036 
Example of white layer: metamorphic layering marked by mm- to cm-thick white garnet-rich 1037 
layers alternating with green amphibole+epidote-rich layers. Hammer as scale. 1038 
 1039 
Figure 5. Sampling area and photographies of representative samples. a) Detailed geological 1040 
map of the sampling area with location of the sampling sites (1-4). Same legend as in Figure 2.  1041 
b) Picture of a saw-cut sample of “patchy” PE-metagabbro (sample AR11). White patch is 1042 
indicated by arrow. c) Picture of saw-cut sample of white layer (sample AR12). d) Saw-cut 1043 
sample of white layer (sample AR14A) in contact with a greenish rock (sample AR14B: see 1044 
Table S1). e) Contact between white layer (boudinated) and surrounding foliated green rock in 1045 
sample LB1. f) Saw-cut sample of white layer (sample AR27A) in contact with green 1046 
retrogressed eclogite (sample AR27B). See also Table S1 for sample details. 1047 
 1048 
Figure 6. Structural features of the studied area. a) Layers: earliest foliation visible in the field 1049 
(S1) marked by a mineral layering defined by alternating mm- to cm-scale white and green 1050 
layers. S1 is folded by D2 isoclinal folds with gently dipping axial planar S2. b) and c) Other 1051 
examples of S1 mineral layering folded and transposed by rootles D2 folds within white layers. d) 1052 
Mafic metabreccia from the southern Eaus Rousses valley: S1 foliation within clasts oriented at 1053 
high angle to S2. e) and f) Transposed S2 compositional layering folded by D3 open folds with 1054 
north dipping axial planes (F3AP) and E-W trending fold axes in the white layer at the foot of 1055 
Pointe Noire wall. 1056 
 1057 
Figure 7. Photomicrographs of eclogite-facies metagabbros and associated rocks. a) E-1058 
metagabbro with coarse grain-size and weakly foliated structure (sample U27). Prograde S1 is 1059 
marked by rutile crystal aggregates folded and transposed by D2 isoclinal folds; eclogite-facies S2 1060 
trajectory is indicated by hatched white line. “Ompc”: coarse-grained omphacite; “Ompf”: fine-1061 
grained omphacite. Green amphibole (Amp) grows along the garnet/omphacite contact. Plane 1062 
polarized light. b) Pegmatoid PE-metagabbro with cm-scale omphacite pseudomorph after 1063 
original augite, and in turn replaced by glaucophane + ankerite (brown crystals). Arrow points to 1064 
the embayment in the omphacite megacryst (sample AR31; plane polarized light). c) PE-1065 
metagabbro (“PE-mgb”) with coarse-grained omphacite replaced by uralite symplectites (sympl.) 1066 
and partly recrystallized into fine-grained omphacite. Hatched white line underlines the contact 1067 
(S1) between metagabbro and patch consisting of zoisite/clinozoisite +white mica (sample 1068 
AR11). Plane polarized light. d) Zoisite/clinozoiste+white mica aggregates replacing former 1069 
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rectangular crystals of lawsonite (Lws pseudom.) and garnet (Grt) in a white layer (sample 1070 
AR14); crossed polar. e) Zoisite/clinozoiste+white mica aggregate replacing former lozenge-1071 
shaped lawsonite in calcschist (sample AR20); crossed polar. f) Amphibole+titanite-rich 1072 
aggregates transposed within white layer (sample AR12); plane polarized light. 1073 
 1074 
Figure 8. Variations in selected major elements (in Wt.%) and Loss On Ignition (LOI, in Wt. %) 1075 
as a function of Al2O3 for our samples compared with those displayed by oceanic oxide gabbros 1076 
[after Coogan et al., 2001; Casey et al., 2007; Holm et al., 2002; Niu et al., 2002; Miller et al., 1077 
2002]; leucogabbros [after Casey et al., 2007; Miller et al., 2002]; felsic veins [after Niu et al., 1078 
2002]; lawsonitites and lawsonite-bearing blueschists (BLS) from Alpine Corsica [after Vitale 1079 
Brovarone & Beyssac, 2014; Vitale Brovarone et al., 2014]; BLS from Franciscan complex 1080 
(Coast Range, Pacheco Pass in the Diablo Range, and Western Baja Terrane) [after Sadofsky & 1081 
Bebout, 2003]; BLS from the Catalina mélange [after Bebout et al., 1999]; lawsonite 1082 
pseudomorph-bearing BLS from the Groix island: after El Khor et al. [2009]; epidosites [after 1083 
Barnejee et al., 2000; Harper et al., 1988; Richardson et al., 1987]; rodingites [after Evans et al., 1084 
1979, 1981]. 1085 
 1086 
Figure 9. Trace elements composition of the rocks of this study averaged by lithologies (”Avg.”) 1087 
and normalized to the average of oxide gabbros drilled at site ODP Hole 735B along the 1088 
Southwest Indian Ridge [Coogan et al., 2001; Holm et al., 2002; Miller et al., 2002; Niu et al., 1089 
2002; Casey et al., 2007]. 1090 
 1091 
Figure 10. Chemical compositions of the rocks of this study averaged by lithologies and 1092 
normalized to the global subducting sediment composition (GLOSS) [Plank & Langmuir, 1998]. 1093 
Literature data for comparison as in Figure 8. 1094 
 1095 
Figure 11. Conceptual model illustrating the tectonic evolution of the Vallon des Eaus Rousses 1096 
metaophiolite complex during subduction (isotherms taken from Tsujimori & Ernst, 2014). a) 1097 
Oceanic setting of the Jurassic Tethys ocean. b) Prograde (blueschist- to eclogite-facies) 1098 
conditions consistent with lawsonite crystallization. Hydration and fluid-rock interactions 1099 
constrain the Ca-metasomatism. c) HP metamorphic peak. Dehydration and fluid-rock 1100 
interactions are characterized by zoisite crystallization. Enlargements in the lower part of the 1101 
figure: a) Tethys seafloor covered by pelagic sediments on top of oceanic lithosphere consisting 1102 
of serpentinized mantle peridotites (dark green) and ophicarbonate (green lines) intruded by 1103 
gabbros (light green pockets). b) The subduction complex start to develop including serpentinites 1104 
and boudinated gabbros/metagabbros, sediment/metasedimens (oceanic: light brown; forearc: 1105 
light yellow), and gneissic slices (brown); S1 foliation developed along the lithology contacts. 1106 
Patches develop by fluid-rock interactions. c) HP metamorphic peak. S2 foliation is indicated. 1107 
Layers develop by tectonic transposition. White arrows: fluid/rock interactions enhanced by 1108 
hydration and Ca-metasomatism. Red arrows: fluid/rock interactions accompanied by 1109 
dehydration with zoisite crystallization. 1110 
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